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Abstract
The interaction of a laser pulse with molybdenum is studied over a wide range of pulse durations from 5 fs to 100 ps using 
the two-temperature-model (TTM) at constant energy density. The TTM is used to calculate the electron and lattice
temperature dynamics and the resulting melting volume. The results show, the maximum melting volume is reached at a 
pulse duration of 10 ps. The electron heat transfer is dominant for the ultra-short pulse regime below 10 ps, while the lattice
heat transfer is influenced by longer pulse durations.
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1. Motivation / State of the Art
In thin film photovoltaic, the galvanic separation of the molybdenum is an important process step for the
monolithic serial interconnection of CIS solar modules. Recent studies showed, that ultra-fast laser can increase
the trench quality and reduce the burr formation [1]. In addition, several works reported that the ablation
threshold and efficiency depend on the pulse duration even in the ultra-fast regime [2]. For the ablation of 
metals, the threshold fluence stays nearly constant up to 10 ps and then decreases for longer pulses
with ~ [3]. Here, we present a two-temperature-model (TTM) simulation model [4] to determine the 
influence of the pulse duration on the melting volume at constant energy density. The aim is to predict the
optimal pulse duration, with which the galvanic separation of a 435 nm Mo thin film on glass, forming the p-
contact of a CIS thin-film solar cell, can be performed most efficiently.
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2. Experimental 
In our simulations a pulsed laser ( p = 5 fs to 100 ps) with 1064 nm wavelength and a beam radius  
w0 = 20 μm (1/e²) is focused on the molybdenum surface with a film thickness of 435 nm. A constant peak 
fluence 0 = 0.65 J/cm² is used for all pulse durations. The absorption coefficient  = 50  106 m-1 and the 
reflexion degree R is set to 69 %. The laser intensity defined by the heat source Q is absorbed by the free 
electron gas of the molybdenum film and heats up the lattice by relaxation process. The electron and the lattice 
temperature is described by [4], 
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where Te or Tl is the temperature, Ce or Cl is the heat capacity, ke or kl is the thermal conductivity of the electron 
and lattice, respectively. G is the electron-phonon-coupling-constant. The electron thermal conductivity is 
given by equation (4), the electron heat capacity by equation (5) [5] and the lattice heat capacity with the phase 
transition of melting and evaporation by equation (6). 
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The thermal conductivity kl = 138 W/m/K, the value gamma  = 34 mJ/kg/K² and the lattice heat capacity 
Cl0 = 250 J/kg/K. For the phase transitions the melting enthalpy m = 390 kJ/kg at TM = 2896 K, the 
evaporation enthalpy v = 6229 kJ/kg at TV = 4912 K and a T = 50 K is used. The electron-phonon-
coupling-constant G = 13  1016 W/m³/K [5]. 
3. Results and Discussion 
Figure 1 (a) shows the transient behaviour of the electron temperature as a function of the pulse duration. 
The intensity maximum is set to 30 ps. According to equation (1), the laser pulse is absorbed by the free 
electrons of the molybdenum layer. The maximum electron temperatures of 23000 K at a pulse duration of 5 fs 
are derived from the simulation, decreasing with longer pulse durations. In addition, also the maximum value is 
temporally shifted for longer pulse durations. 
Figure 1 (b) shows the transient behaviour of the lattice temperature as a function of the pulse duration. The 
maximum lattice temperature increases from 5 fs to a maximum at 10 ps. For longer pulse durations the lattice 
temperature decreases. All pulse durations exceeded the melting temperature. However, at 10 ps the 
evaporation temperature is reached, identified by the slight plateau at the maximum temperature. 
Figure 1 (c) illustrates the maximum melting volume in dependence of the laser pulse duration. The maximum 
melting volume is achieved at 10 ps with the value of 25μm³. Equation (4) and (5) indicate that the thermal 
electron conductivity and the electron heat capacity are proportional to the electron temperature. Thus, thermal 
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heat transfer losses by the electrons are high for shorter pulse durations, whereas for longer pulses the thermal 
conductivity of the lattice dominates the heat transfer losses. 
Summarized, the simulation results suggest that the maximum ablation efficiency for molybdenum can be 
achieved with a 10 ps laser. Thus, for industrial manufacturing of the p-contact of CIS thin-film solar cells with 
an ultra-short pulse laser, a laser system with a pulse duration of about 10 ps would enable the highest process 
efficiency. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) The electron temperature ; (b) the lattice temperature for 5 fs to 100 ps laser pulse duration versus the time; (c) 
The maximum melting volume versus the pulse duration. The wavelength is 1064 nm, the beam radius is  
20 μm (1/e²) and the peak fluence is 0.65 J/cm². The maximum of the pulse is set to 30 ps. 
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